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ABSTRACT 

Fracture  mechanics t e s t  methods a r e  appl ied  
t o  evaluate  the  proof t e s t  c h a r a c t e r i s t i c s  of 
s i l i c o n  Cz wafers.  

The r e s u l t s  i n d i c a t e  thac the s t r e n g t h  
d i s t r i b u t i o n  of s i l i c o n  wafers i s  truncated by 
proof t e s t i n g  and no s u b c r i t i c a l  c rack growth 
i n  s i l i c o n  i s  observed during proof loading.  
Mechanical proof t e s t i n g  appears t o  be an 
e f f e c t i v e  method t o  e l imina t e  weak samples 
before  c e l l  processing.  

INTRODUCTION 

Cracking of s i l i c o n  s o l a r  c e l l s  has been found 
t o  be one of t h e  major f a c t o r s  c o n t r o l l i n g  c e l l  
production y i e l d .  S i l i c o n  i s  a  b r i t t l e  ma te r i a l .  
Cracking of s i l i c o n  c e l l s  r e s u l t s  from the  exten- 
s ion  of a  c r i t i c a l  pre-exis t ing  f law which was 
generated during ingot  wafering,  c e l l  process ing 
and handling.  The e n t i r e  problem of c o s t  t rade-  
o f f s  of t he  FSA p r o j e c t  o r  t h e  t e r r e s t r i a l  c e l l  
manufacturing w i l l  be inf luenced by the  c e l l  y i e l d  
and c e l l  r e j e c t i o n  r a t e .  

In a  recent  paper (1) on the  e f f e c t s  of 
production processes  on the  f r a c t u r e  s t r e n g t h  of 
s i l i c o n  s o l a r  c e l l s ,  Weibull s t a t i s t i c a l  a n a l y s i s  
was used t o  desc r ibe  t h e  s t r e n g t h  d a t a  d i s t r i b u -  
t i on .  This involves  p l o t t i n g  f r a c t u r e  p r o b a b i l i t y  
a s  funct ion  of f r a c t u r e  s t r eng th  of s i l i c o n  s o l a r  
c e l l s  f o r  s eve ra l  production processes .  A long 
t a i l  a t  t he  low-stress po r t i on  of the s t r e n g t h  
d i s t r i b u t i o n  curve was found f o r  most types  of 
samples. The wafers o r  c e l l s  i n  t h e  low-strength 
d i s t r i b u t i o n  a r e  l i k e l y  t o  be f r ac tu red  during 
subsequent c e l l  process ing and handl ing.  Such 
f r a c t u r e s  r e s u l t  i n  c o s t s  a s soc i a t ed  wi th  e a r l i e r  
processing and p o t e n t i a l  d e s t r u c t i o n  of o the r  good 
wafers. The r e s u l t  indica ted  t h a t  a  proof t e s t i n g  
would be d e s i r a b l e  t o  e l imina t e  those weak samples 
before  t he  subsequent cracking occurs.  

The ob jec t ives  of t h i s  study a r e  t o  
demonstrate t h a t  a l l  weak samples can be e l iminated  
by a  mechanical proof t e s t i n g ,  t o  eva lua t e  the  
poss ib l e  s u b c r i t i c a l  c rack growth during the  
proof loading and t o  determine the  c r i t i c a l  f law 
s i z e  a t  s eve ra l  proof t e s t i n g  l e v e l s .  

TEST HETHE 

Biaxia l  f l exu re  s t r eng th  t e s t i n g  (2 ,3 )  on 
chemical polished (100) s i l i c o n  Cz wafers ,  2 inch 
diameter*, was used t o  evaluate  t he  proof t e s t i n g  
c h a r a c t e r i s t i c s  of s i l i c o n .  Weibull s t a t i s t i c a l  
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a n a l y s i s  was u t i l i z e d  t o  desc r ibe  the  measured 
f r a c t u r e  s t r e n g t h  of t he  i n i t i a l  d i s t r i b u t i o n  a s  
wel l  a s  t h e  d i s t r i b u t i o n  a f t e r  proof t e s t i n g  a t  
s eve ra l  l e v e l s .  Proof t e s t i n g  was performed a t  
215, 260 and 310 MPa which a r e  equivalent  t o  t h e  
15%, 30% and 50% f r a c t u r e  p r o b a b i l i t y ,  respec- 
t i v e l y ,  of t he  i n i t i a l  s t r e s s  d i s t r i b u t i o n .  
Weibull d i s t r i b u t i o n  of proof t e s t i n g  r e s u l t s  i s  
shown i n  Figure 1. 

Fig.  I .  !Jeibull  D i s t r i bu t ion  of Proof 
Tes t ing  Resul ts  of S i l i con  Wafers 

A dynamic f a t i g u e  t e s t  method f o r  b r i t t l e  
ma te r i a l s  (4 )  was used t o  evaluate  t h e  poss ib l e  
s u b c r i t i c a l  c rack growth during the  proof t e s t i n g .  
The b i a x i a l  s t r eng th  of s i l i c o n  wafers a s  a  func- 
t i o n  of loading r a t e  was determined and can be 
expressed by an equat ion  of t h e  form: 
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where 6 i s  s t r e s s  r a t e  2 .  Dynamic f a t i g u e  t e s t  r e s u l t s  i nd i ca t ed  t h a t  
N i s  t h e  s t r e s s  r a t e  s e n s i t i v i t y  of t he  s u b c r i t i c a l  c rack growth i n  s i l i c o n  dur ing 

s t r e n g t h  of t h e  m a t e r i a l  proof loading was not  observed.  The loading 
JO i s  a  m a t e r i a l  cons t an t  r a t e  s e n s i t i v i t y  f a c t o r  (N) was found t o  be  
G i s  t h e  s t r e s s  of i n t e r e s t  i n f i n i t y  . 

F i n a l l y ,  t h e  c r i t i c a l  f law s i z e s  a t  t h e  3 .  The maximum c r i t i c a l  f law s i z e  f o r  s i l i c o n  
proof t e s t i n g  can be c a l c u l a t e d  by an a v a i l a b l e  wafers  a s  rece ived be fo re  proof t e s t i n g  is 
f r a c t u r e  mechanics equa t ion ,  a s  fo l lows :  

a ,  = 6 . 5  x  1oW6m 

K~~ = Yap \/;?a 
The c r i t i c a l  f l aw  s i z e s  a f t e r  t h e  i nd ica t ed  

where a  i s  t he  c r i t i c a l  f l aw  s i z e  proof t e s t i n g  l e v e l s  a r e  c a l c u l a t e d  t o  b e :  
P  

o i s  t h e  proof t e s t i n g  s t r e s s  l e v e l  
P  a l  = 4.6 x  1 0 - ~ m  @ 215 m a  

Y i s  t he  f law shape f a c t o r  

KT, i s  the  f r a c t u r e  toughness of s i l i c o n  
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a  = 3.1 x  10 m @ 260 MPa 
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a  = 2 . 1  x  10 -~m @ 310 MPa 
RESULTS 
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4 .  The s t r e n g t h  d i s t r i b u t i o n  of s i l i c o n  wafers was 
The t e s t  r e s u l t s  were summarized a s  fo l lows:  t runca t ed  by proof t e s t i n g .  Mechanical proof . - 

t e s t i n g  appears  t o  be an e f f e c t i v e  method t o  
1 .  B iax ia l  s t r e n g t h  d i s t r i b u t i o n  of s i l i c o n  wafers  

e lminate  weak samples i n  t h e  c e l l  p roces s ing .  
i s  descr ibed by a  Weibull  equat ion  a s  

P  = I - exp [-l(kr dA] 

where P  = f r a c t u r e  p r o b a b i l i t y  

o = s t r e s s  of i n t e r e s t  
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